Background: Application of abdominal negative-pressure therapy (NPT) is lifesaving when conservative measures fail to reduce sustained increase of the intra-abdominal pressure and it is impossible to achieve source control in a single operation due to severe peritonitis. The aim of this study is to share the initial experience with abdominal NPT in Latvia and provide a review of the relevant literature. Methods: In total, 22 patients were included. All patients were treated with KCI ® ABThera™ NPT systems. Acute Physiology and Chronic Health Evaluation II (APACHE II) score on admission, daily sequential organ failure assessment score and Mannheim peritonitis index (MPI) were calculated for severity definition. The frequency of NPT system changes, daily amount of aspirated fluid effluent and the time of abdominal closure were assessed. The overall hospital and ICU stay, as well as the outcomes and the complication rate, were analysed. Results: A complicated intra-abdominal infection was treated in 18 patients. Abdominal compartment syndrome due to severe acute pancreatitis (SAP), secondary ileus and damage control in polytrauma were indications for NPT in four patients. The median age of the patients was 59 years (range, 28 to 81), median APACHE II score was 15 points (range, 9 to 32) and median MPI was 28 points (range, 21 to 40), indicating a prognostic mortality risk of 60%. Sepsis developed in all patients, and in 20 of them, it was severe. NPT systems were changed on a median of every 4 days, and abdominal closure was feasible on the seventh postoperative day without needing a repeated laparotomy. Two NPT systems were removed due to bleeding from the retroperitoneal space in patients with SAP. Intestinal fistulae developed in three patients that were successfully treated conservatively. Incisional hernia occurred in three patients. The overall ICU and hospital stay were 14 (range, 5 to 56) and 25 days (range, 10 to 87), respectively. Only one patient died, contributing to the overall mortality of 4.5%.
Background
Management of the open abdomen (OA) is a challenging task and is associated with a number of complications including persistent sepsis, high entero-atmospheric fistula rate, development of multiple organ dysfunction and frozen abdomen [1] [2] [3] . Abdominal negative-pressure therapy (NPT) has opened new opportunities in the treatment of patients with intra-abdominal hypertension (IAH), complicated intra-abdominal infection (IAI) and severely polytraumatised patients in whom damage control laparotomy is mandatory [1] . During the latest decades, a number of techniques have been described on the management of patients with OA including the Bogota bag, towel clamp and zipper technique; however, results of the treatment have not been satisfactory [2] . Implementation of the Wittmann patch and home-made NPT systems gave stimulus to the development of commercially available systems that are at present considered to be the most effective [3] . Nevertheless, clinical experience in the application of different abdominal NPT techniques is scarce and lacks definitive opinion about the indications and timing of NPT [1, 2] . This method is still associated with high morbidity and high incidence of ventral hernia formation in surviving patients caused by difficulties in definitive closure of the abdominal wall after prolonged application of NPT [1, 4, 5] . This study uses the results of having implemented the principle of topical negative-pressure therapy in general surgery since 2007. The aim of the study is to describe the initial experience with NPT in the management of patients with abdominal compartment syndrome (ACS) and severe peritonitis as well as provide a review of recent literature regarding the application of the topical negative-pressure therapy in the management of patients with an open abdomen.
Methods
In total, 25 surgical patients underwent abdominal NPT during the period from 2007 to 2012. In three patients, home-made systems were used. Since 2010, vacuumassisted abdominal closure systems ABThera™ (KCI ® Riga, Latvia) were applied to the 22 patients who were prospectively included in the study. The indication for NPT was complicated intra-abdominal infection with severe sepsis due to total purulent peritonitis and/or ACS. The decision to apply NPT in cases of advanced peritonitis was based on evidence that complete source control would require a repeated laparotomy. The indication for decompressive laparotomy was a sustained increase of intraabdominal pressure (IAP) >25 mmHg for more than 24 h despite aggressive complex conservative therapy including continuous veno-venous haemofiltration and percutaneous drainage of the intra-abdominal fluid collections if indicated [6] . During the application of the NPT systems, all patients were treated in the ICU. Before the operation, the patient's condition and severity of sepsis were assessed by calculation of the Acute Physiology and Chronic Health Evaluation II (APACHE II) score on admission and assessment of organ dysfunction according to the Sequential Organ Failure Assessment (SOFA) score [7] . After the operation, the Mannheim peritonitis index (MPI) was calculated to predict the individual risk of death due to peritonitis [8] . Dynamic assessment of organ dysfunction and clinical course of sepsis was done by daily calculation of the SOFA score. IAP was measured with the patient in supine position, instillation of 20 mL of sterile saline solution and the linea axillaris media and crista iliaca cross point as the zero point. IAP was measured twice daily during the patients' ICU stay. IAH was defined by a sustained or repeated pathological elevation in IAP ≥12 mmHg. ACS was diagnosed when sustained increase of the IAP >20 mmHg and one new organ dysfunction were detected [9] . Abdominal perfusion pressure (APP) was calculated in all patients with IAH and defined as the mean arterial pressure (MAP) minus the IAP. The decision to discontinue negative-pressure therapy and to perform permanent closure of the abdominal cavity was based on preoperative evidence of stable regression of the inflammatory response, regression of organ dysfunction and sepsis. Intraoperative evidence of a visually clean abdomen (absence of abscesses or purulent exudate, disappearance of fibrin) and well-perfused bowels with recovered transit determined the decision to close the abdomen. Bacteriological samples from the abdominal cavity were taken during all operations; however, we did not wait until all intraoperative cultures would become negative. Blood cultures from the abdominal effluent were collected until regression of sepsis and stable decrease of the C-reactive protein (CRP) in the blood were achieved. Positive blood culture was defined as septicaemia. The complication rate, hospital and ICU stay and main outcomes were analysed for all patients. Application of NPT was approved by the institutional ethics committee. Informed consent was obtained according to institutional practice. Statistical data analysis was done using SPSS version 17.0. All data have been changed to median values and range.
Results
Starting from the year 2010, 22 patients were treated with commercially available abdominal NPT systems and prospectively included in study. The proportion of males and females in the population of the study was 3:1. Patient median age was 59 years (range, 21 to 81). Initially, NPT was applied in patients with severe acute pancreatitis who develop ACS. The next step was application of NPT to patients with severe peritonitis and to polytraumatised patients. The main indications for abdominal NPT are summarised in Table 1 . Disease severity assessment before application of NPT revealed that the median APACHE II score at admission was 15 points (range, 9 to 32); following the intervention, the median MPI in patients with peritonitis reached 28 points (range, 21 to 40). In nine patients, septic shock aggravated the clinical course, and prolonged mechanical ventilatory support was necessary in 14 patients ( Table 2 ). In all patients, the median of Citrobacter freundii (one)).
Abdominal NPT was associated with a fast decrease of plasma CRP levels, which dropped to the median of 83 mg/L (range, 28 to 257) at the point of the abdominal closure. Dynamics of the CRP and regression of multiple organ failure syndrome (MODS) are shown in Figure 1 . Median ICU stay in our study population was 14 days (range, 5 to 56), and hospital stay was 25 days (range, 10 to 87). Only one patient (4.5%) with ACS died in our series.
Discussion

General
For decades, surgery has been the cornerstone of abdominal sepsis treatment. Elimination of the septic focus, removal of necrotic tissue and drainage of purulent material in a single operation is every surgeon's desire; however, reaching all these goals is not always feasible. Despite advances in surgery, antibacterial therapy and intensive care support, mortality and morbidity remain high [10] . Management of the OA in cases of ACS or advanced peritonitis has been considerably improved by implementation of the NPT, especially considering treatment of complicated non-trauma patients [11] . More than a decade has passed since NPT was introduced as a method for the management of patients with OA. NPT has emerged from its implication in the therapy of patients with chronic wounds to its application even in cardiothoracic surgery [12, 13] .
Inflammatory fluid, cytokines, gut oedema and MODS
More than 70% of all immune cells are localised in the gastrointestinal tract, attributing the gut as a cytokinegenerating organ [14, 15] and an important mediator of inflammation [16] , the so-called brain that drives the immune response. Pathophysiological mechanisms associated with the inflammatory response are leading to capillary leakage, IAH and development of multiple organ failure [17] [18] [19] . The local peritoneal inflammatory cascade is known to be similar to the systemic inflammatory response [20] .
Peritoneal fluid is a plasma ultrafiltrate and may be considered as a representative of the biologic profile of plasma. The mesenteric lymphatic and venous system play a key role in removing interstitial fluid of the gut. By causing gut oedema, inflammation results in the disturbances of the venous outflow that can lead to elevated venous pressures and transvascular fluid flux that exceeds greatly the draining capacity of the abdominal and the thoracic lymphatic system. Under these circumstances, inflammatory fluid is retained in the gut wall, intestinal villi secrete fluid into the gut lumen, and the luminal fluid does not rapidly regress from the gastrointestinal tract, contributing to IAH and even ACS [14, 21] . Animal and human studies show that circulation of lymph containing a high concentration of cytokines can cause severe liver, kidney and lung injury and the development of MODS and is therefore associated with poor outcomes [16, 18, [20] [21] [22] . In animal models, abdominal NPT was shown to prevent the development of lung injury and was associated with decreases in leukocytes migrated to the kidney and liver [16, 18] . These results clearly show that extensive removal of mediator-rich peritoneal fluid may decrease the pro-inflammatory characteristics of abdominal exudate and thus improve outcomes [18] .
Indications and treatment
Balance between the pro-and anti-inflammatory responses can be achieved by early intensive therapy where definition of adequate fluid replacement strategy is crucial [18] . Severely ill patients that are heavily resuscitated are at very high risk of the development of bowel oedema and ACS. It is well known that temporary abdominal closure (TAC) devices provide the augmented drainage of mediator-rich peritoneal fluid contributing to systemic and locoregional inflammatory response [18, 21] .
Techniques for TAC are various and have evolved from the basic methods, with home-made systems that can be used to simply contain the visceral contents, to more dynamic modern devices, such as the commercially available NPT systems for active abdominal therapy. More than a decade has passed since NPT was introduced as a method for the management of patients with OA [10, 12, 13] . Compared to other techniques, NPT systems are intended to provide active abdominal therapy by controlling the abdominal contents and actively removing exudate from all the abdominal compartments [4, 18, 21, 23] . The level of vacuum can be altered individually, although the best results have been demonstrated with a pressure of 125 mmHg [2, 10] . The recommended interval between dressing changes is usually 24 to 72 h; however, the actual timing of dressing changes may vary individually depending on the patient's clinical status and indications [1, 2, 10, 24] .
Nowadays, abdominal NPT is indicated in patients with severe abdominal infection in cases when the source of sepsis cannot be fully controlled, in cases of ACS or in patients with acute mesenteric ischemia that can be considered for a second look [10, [24] [25] [26] . Patients in whom damage control laparotomy is indicated should be considered for the application of NPT to avoid the development of ACS, visceral hypoperfusion and multiple organ failure [9, 10, 24, [26] [27] [28] [29] . Unfortunately, until now, randomised trials demonstrating the superiority of any particular TAC technique are lacking [5, 30] .
Abdominal closure and complications
The success rate of abdominal closure mostly depends on the aetiology of the open abdomen [31] . Currently, application of abdominal NPT has extended the 'window' for delayed primary fascial closure from 4 to 5 days (in cases of trauma when principles of 'damage control' are applied) to as long as 1 month (in patients with complicated IAI) after the initial procedure [28, 32] . A study by Kaplan et al. [5] clearly shows that, if the abdomen is not primarily closed within 7 to 10 days, adhesion formation and fascia retraction can render this impossible. If the application time is too long and the NPT system changes are too frequent, the rate of entero-cutaneous fistula formation, bowel obstruction, bleeding and other complications can increase [26, 27, [32] [33] [34] . Mortality rates vary between 7% and 38% [4, 35] and can even reach 50% in patients with peritonitis, severe sepsis or septic shock [10, 25] . Different conservative and surgical methods have been described to overcome these problems, including component separation techniques, split-thickness skin grafting, use of biological mesh materials, etc. [11, 27, 29, 36, 37] . However, indications for appropriate fascial closure time are still lacking, and in the late stage of the disease, surgeons are mostly fighting with complications that are associated with NPT application [3, 24] . Results of this study demonstrate certain evidence that clinical assessment of the abdominal cavity considering clearance of the purulent contents and fibrin deposits and signs of well-perfused functioning bowels may indicate that definitive abdominal closure is possible.
Conclusions
Abdominal NPT could be a highly promising method in the management of patients with increased IAP and severe sepsis due to purulent peritonitis. Regression of sepsis, normalisation of CRP and visual confirmation of complete source control may help to select patients for definitive abdominal closure following NPT even in cases when abdominal bacterial cultures remain positive. Further trials should study indications for abdominal NPT in detail.
Key message
• Regression of sepsis, normalisation of CRP and visual confirmation of complete source control may help to select patients for definitive abdominal closure after NPT even in cases when abdominal bacterial cultures are positive.
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